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Species replacement dominates 
megabenthos beta diversity in a 
remote seamount setting
Lissette Victorero1,2, Katleen Robert1,3, Laura F. Robinson4, Michelle L. Taylor  5 &  
Veerle A. I. Huvenne  1
Seamounts are proposed to be hotspots of deep-sea biodiversity, a pattern potentially arising from 
increased productivity in a heterogeneous landscape leading to either high species co-existence or 
species turnover (beta diversity). However, studies on individual seamounts remain rare, hindering 
our understanding of the underlying causes of local changes in beta diversity. Here, we investigated 
processes behind beta diversity using ROV video, coupled with oceanographic and quantitative terrain 
parameters, over a depth gradient in Annan Seamount, Equatorial Atlantic. By applying recently 
developed beta diversity analyses, we identified ecologically unique sites and distinguished between 
two beta diversity processes: species replacement and changes in species richness. The total beta 
diversity was high with an index of 0.92 out of 1 and was dominated by species replacement (68%). 
Species replacement was affected by depth-related variables, including temperature and water mass 
in addition to the aspect and local elevation of the seabed. In contrast, changes in species richness 
component were affected only by the water mass. Water mass, along with substrate also affected 
differences in species abundance. This study identified, for the first time on seamount megabenthos, 
the different beta diversity components and drivers, which can contribute towards understanding and 
protecting regional deep-sea biodiversity.
Seamounts are prominent, globally distributed, isolated features, rising a minimum of 100 m from the surround-
ing seafloor1. Estimates suggest that there are ~33,0002 to ~100,000 such features worldwide3, but <4% of sea-
mounts have been sampled for scientific purposes4. Seamounts are an important deep-sea habitat type5 since they 
host diverse benthic communities6 and can host abundant fish stocks7. The latter factor makes seamounts prom-
inent targets for deep-sea bottom trawling8. Moreover, at present some seamounts covered with ferromanganese 
crusts are being considered as a potential source of cobalt, tellurium, and other valuable metals for mining9. Both 
these activities involve immense physical disruption through removal of bottom habitat and habitat-forming 
species in an ecosystem defined by slow-growing, long-lived organisms10,11. The impacts on the benthos are likely 
to be long-lasting or even permanent, as observed in the wake of bottom trawling fisheries on seamounts off New 
Zealand, where there has been no recovery over decadal time scales12. Such continuing interest to exploit deep-sea 
ecosystems provides a challenge for sustainable management13, which should be underpinned by knowledge on 
the spatial distribution of seamount biodiversity and its environmental drivers.
Seamounts, however, are not one single entity, as they have varied morphologies, depths and locations with 
consequently different local environments14, which results in different faunal compositions across seamounts15. 
At a broad regional scale, seamount benthic communities appear to be influenced by latitudinal turnover16, 
oxygen concentration17, aragonite saturation for stony corals18 and primary productivity. Seamount morphol-
ogy might also play a role in controlling local particulate organic carbon (POC) export, as it has been shown 
that a tall seamount increased the POC export due to its interaction with tidal dynamics19. Furthermore, sea-
mount seabed morphology leads to complex habitat mosaics at different depths that modify the hydrodynamic 
flow20,21. This diverse geomorphology coupled with the occurrence of habitat-forming species, causes high habitat 
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heterogeneity, increases local (alpha) diversity22 and affects assemblage patterns through provision of a physical 
habitat for other invertebrates23. To date, seamount research has had a strong focus on comparing different sites, 
so there are only a handful of studies focusing on changes in megafaunal beta diversity (spatial differentiation of 
diversity) on single seamounts24–27, hindering our understanding of how species are partitioned amongst habitats. 
This knowledge is crucial for linking alpha and gamma (regional) diversity, leading to improved understanding of 
large-scale biogeographical gradients on seamounts, and more generally, within the deep-sea.
Deep-sea research has shown that depth differences result in greater beta diversity than horizontal dis-
tances28,29. Accordingly, previous research on the megafauna of Davidson Seamount found that depth influences 
changes in assemblage structure30,31, but does not affect alpha diversity or species density30. Conversely, in the 
off-shore Taney Seamount Chain, slope affected both beta diversity and density while depth affected alpha- and 
beta diversity26. The disparities in diversity patterns at different seamounts have been proposed to be driven by 
variations in surface productivity and depth gradients26. To build a complete understanding of spatial patterns on 
seamounts, however, it is beneficial to split beta diversity into components. This approach involves understand-
ing which sites and species contribute to beta diversity, followed by the untangling of beta diversity into distinct 
processes, such as replacement (species replace each other along ecological gradients) and richness difference 
(different communities have a different number of species)32,33. This detailed information will allow for the under-
standing of the ecological processes behind each component and, subsequently, how these are spatially shaping 
the community assemblages.
Here we apply recently developed beta diversity analyses to benthic megafaunal communities in order to 
increase our comprehension of beta diversity patterns on seamounts. This study uses a multidisciplinary data set 
of Remotely Operated Vehicle (ROV) transects, bathymetry derived environmental variables, and oceanographic 
information to illustrate how beta diversity changes across a depth gradient and how different areas and species 
affect beta diversity. Furthermore, we show for the first time in a seamount benthos, the influence of an array 
of environmental variables on two distinct beta diversity processes: species replacement and species richness 
difference.
Methodology
Study site. Annan Seamount, in the Equatorial-Atlantic, is part of the Grimaldi Bathymetrists Seamount 
Chain34, where it lies at depths of 200–4500 m (Fig. 1). Previous publications from the same research expedition 
have also referred to this feature as Carter Seamount. It is a conical guyot occurring at the northern termina-
tion of the large volcanic edifice, formed by the Sierra Leone Rise, with the rest of the topography consisting of 
long-offset fracture zones34,35. Annan Seamount has been hypothesised to have formed during the Palaeocene 
~54.4 ± 1.1 Ma34. The seamount is bathed by three water masses, North-Atlantic Deep Water (NADW) at the 
base and slope up to ~2500 m depth, Antarctic Intermediate Water (AAIW) covering the flank up to ~1500 m, 
and South–Atlantic Central Water (SACW) to the summit36. Annan Seamount is affected by two current systems 
as it lies within the transition zone between the colder Canary Current flowing southwest and the warmer North 
Equatorial Current flowing east to west37,38 (Fig. 1). To date, little is known about the benthic communities of 
Annan seamount with this study presenting its first biological characterisation.
Data collection and processing. The data for this study were collected on board the RRS James Cook in 
2013 as part of the ERC funded Tracing Oceanic Processes using Corals and Sediments programme (TROPICS)39. 
The ROV Isis was used to collect video footage at Annan Seamount over four dives from depths of 200–2730 m, 
covering 11 km in distance and generating a total of 87 h of video material (Supplementary Table S1). The video 
material was used to identify and count benthic fauna. It was also used to annotate and classify substrates into six 
categories; (1) volcanic, (2) volcanic and biogenic, (3) sediment, (4) sediment and biogenic, (5) volcanic and sed-
iment, (6) volcanic, sediment and biogenic (Fig. 2) (for examples of each category see Supplementary Fig. S1). A 
comprehensive description of the data processing steps related to the ROV imagery is available in Supplementary 
Material S1.1. The ROV was equipped with a SeaBird SBE 49 CTD that measured temperature, conductivity and 
pressure. All CTD data were processed with the SBE Data Processing (V7.20 g) software, which also calculated 
depth, salinity and theoretical oxygen saturation (hereafter referred to as oxygen). The ROV CTD data were also 
used to characterize the water masses in situ using the classification by Emery40.
Shipborne multibeam bathymetry data were acquired with the ship’s hull-mounted Kongsberg EM-120 
echosounder and processed using CARIS HIPS and SIPS (v. 8.1). The data were gridded at 25 m resolution. The 
bathymetry was used for extracting quantitative descriptors of the seabed terrain41 (see Supplementary Material 
S1.2 for detailed description). These included slope, topographic position index (TPI) at two scales (3 × 3 and 
9 × 9 pixels neighbourhood radius), roughness, aspect (divided in eastness and northness), and three meas-
ures of curvature (general, profile and plan)42,43. The species, substrate, temperature, salinity and oxygen, and 
bathymetry-derived data were then combined by spatial joins in ArcGIS (version 10.2.2). After evaluations of 
different sample sizes, it was decided to use 100 m and 200 m ROV transect sample lengths, which generated 160 
samples and 78 samples, respectively. The finer scale sample size of 100 m was chosen on the basis of maintaining 
substrate and habitat fidelity whilst capturing enough individuals per sample to be able to perform community 
analyses. The broader scale of 200 m was used to investigate how strongly spatial scale affected beta diversity pat-
terns and corresponding environmental drivers.
Statistical analysis. Beta diversity analyses were conducted according to the methodology proposed by 
Legendre & De Cáceres33 and Legendre44 using the R package ‘adespatial’. These approaches allow for (i) no prior 
knowledge of the study area’s alpha or gamma diversity to estimate beta diversity, (ii) assessment of individual 
species’ and sample contribution to beta diversity and (iii) partitioning of the spatial variation and testing of 
explanatory environmental factors. Prior to the analysis, all species occurring only once throughout the study site 
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Figure 1. Map of the south-west section of Annan Seamount showing the location of the ROV tracks with 
bathymetry of 25 m pixel resolution. NEC = North-Equatorial Current. The site map was created in ESRI 
ArcMap (version 10.2.2). The insert map is ETOPO1 relief data created using Generic Mapping Tools66.
Figure 2. Temperature, salinity, oxygen and water mass categories from the ROV CTD (a) along with the 
different substrate categories across the seamount from the 100 m sample size (b). SACW = South-Atlantic 
Central Water, AAIW = Antarctic Intermediate Water, NADW = North- Atlantic Deep Water. The interfaces are 
defined from raw ROV CTD data (Supplementary Table S2).
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were removed because (i) the nature of the data collection did not enable verification of their taxonomic identity 
and (ii) they were not deemed to be representatives of the community. Both presence – absence and species abun-
dance data were generated. The former is suitable for the wide depth range covered in this study, while the latter 
provides an insight to differences in abundance. The data were transformed prior to statistical analyses using the 
Hellinger transformation, which limits the importance of rare taxa when computing dissimilarities as our survey 
was a depth transect (i.e. every depth was visited once), which could lead to the generation of false rare species.
The relative Local Contribution to Beta Diversity (LCBD) of each 100 m length sample and the Species 
Contribution to Beta Diversity (SCBD) were calculated using the function beta.div33. The LCBD represents the 
ecological comparative uniqueness of the sample, and its significance for each sample was assessed through a per-
mutation analysis (p < 0.05, 999 iterations) testing the null hypothesis that species’ distribution is random among 
sampling units. The SCBD represents the degree of contribution of each species to the overall beta diversity and 
was calculated on the Hellinger-transformed species matrix.
In order to further understand the ecological processes behind beta diversity, a total beta diversity index 
was calculated. Total beta diversity was then partitioned into species replacement and richness difference by 
the beta.div.comp function using the Jaccard dissimilarity for presence-absence and species abundance data for 
abundance difference44. This computation provides indices for total beta diversity, species richness/abundance 
difference and replacement in addition to distance matrices. These indices determine the dominant process along 
the spatial gradient, while the matrices can be used to understand how environmental variables affect different 
components of beta diversity. For this, each matrix was used in a Principal Coordinates Analysis (PCoA) with a 
Lingoes correction to account for negative eigenvalues. The resulting coordinates, along with the environmental 
variables, were used as input in forward selection (forward.sel function) from which a set of estimated signifi-
cant environmental variables were used as input explanatory variables in a Distance-based redundancy analysis 
(dbRDA). The absolute significance of the environmental variables behind the processes depicted by the Jaccard 
dissimilarity, richness difference and replacement matrices, was assessed with an F-test testing for significance 
(p < 0.05, 999 permutations)44. Several reiterations of the analysis were conducted in order to avoid correlation 
between co-variable oceanographic parameters (depth, temperature and oxygen) and terrain variables (broad and 
fine scale TPI and general, planar and profile curvature). The datasets generated during and/or analysed during 
the current study are available from the corresponding author on reasonable request.
Results
Overview of Annan Seamount biological communities. Annan Seamount was characterised by abun-
dant and diverse megafaunal communities, generating a record of ~30 000 individual organisms separated into 
180 morphospecies. After excluding species with only one occurrence, for reasons previously discussed, 150 
morphospecies were used in subsequent analysis. Changes in community composition were apparent across the 
depth transect and different substrate types, with the following five distinct biological assemblages described 
in more detail. The summit of Annan at ~200 m depth was occupied by mobile benthic communities, mainly 
the ophiuroid Ophiotreta valenciennesi, an unknown white urchin species and the holothurian Stichopotidae sp. 
Below the summit, with increasing depth up to 650 m, the community was dominated by large aggregations of 
the urchin Cidaris cidaris, different species of anemones and the cushion-star Plinthaster sp. The depths of 1300–
1500 m harboured extensive multi-species cold-water coral gardens, comprised of species such as Paragorgia 
sp., Paramuricea sp. and Corallium sp. along with unidentified primnoid and bamboo coral species and associ-
ated invertebrates. Several vertical walls and extremely steep slopes were observed, which were also colonized 
by similar morphospecies of coral, but their respective abundances varied. The deeper part of the study area, 
from ~2300 m onwards, was characterized by sediment plains interspersed by volcanic substrate and dead bam-
boo coral skeletons. These skeletons occurred on an elevated seabed and were occupied by high abundances of 
Anthomastus sp. (~3300 individuals in 1.5 km distance). The sediment plains down to ~2730 m depth were inhab-
ited by a diverse holothurian community, with different species of the Benthodytes genus and the Synallactidae 
family along with Peniagone sp. and an unusual morphotype of the Ellipinion sp.
Samples and species contribution to beta diversity. The total beta diversity index for Annan 
Seamount was high, with the value of 0.92 out of the maximum possible value of 1, which occurs when all sites 
contain different species. The values of the contribution of individuals samples to beta diversity, as calculated 
from the LCBD analysis, ranged from 0.0009 to 0.007 (Fig. 3). The p-values for the significantly higher beta 
diversity samples ranged from 0.001 to 0.005. At the shallower sites within the SACW, the ecologically unique 
samples were on mixed substrates (Fig. 3), and consisted of feeding aggregations of the asteroid Plinthaster sp., an 
unknown species of urchin (Urchin white sp.2) and Ophiotreta valenciennesi (Figs 3 and 4). The latter two species 
also exhibited large variance across the study site as depicted by the high SCBD values (Fig. 5). The significant 
communities at the interface between SACW and AAIW were sediment communities highly dominated by ceri-
anthid anemones and C. cidaris (Fig. 3), with the latter, due to urchin aggregations, having some of the highest 
SCBD values across this study (Fig. 5). Within the AAIW, and the upper part of the NADW, the significant LCBD 
sites were highly heterogenous habitats (Fig. 3), hosting urchins on the sediment substrates, and corals and asso-
ciated fauna attached to dead coral skeletons and large boulders (Fig. 4). The significant samples at the deeper part 
of the NADW were sediment communities (Fig. 3), but contrary to shallow sediment habitats, the distribution of 
the different species of echinoids and holothurians, such as Scotoplanes (seapigs) and Benthodytes sp., was mostly 
sparse. Conversely, Anthomastus sp., which had the overall highest SCBD value, also occurred within the depths 
of the NADW in large aggregations over 100 m distances (Fig. 5). Other species with high SCBD values were 
Enallopsammia sp. and Metallogorgia melanotrichos (Fig. 5). Specifically, M. melanotrichos was scattered, contrib-
uting to a variety of different communities in low abundances throughout the study site.
www.nature.com/scientificreports/
5Scientific RepoRTS | (2018) 8:4152 | DOI:10.1038/s41598-018-22296-8
Partitioning of total beta diversity. The dissimilarities, in the form of Jaccard dissimilarity, species 
replacement and richness difference, between samples were extremely high throughout the study transect (Fig. 6). 
These patterns were similar at both sampling scales as well as for both presence-absence and species abundance 
data. Partitioning of the total beta diversity, using presence-absence data, showed the species replacement com-
ponent to be dominant (~68%), with the species richness difference contributing only ~32%. The species richness 
difference component was more dominant at ~200 and ~500 m water depth (Fig. 6). It was also relatively high at 
~1300–1500 m depth, albeit fluctuating rapidly with the species replacement component (Fig. 6).
The significant variables explaining the patterns in the Jaccard dissimilarity matrix were water depth and correlated 
variables (oxygen and temperature), water mass, substrate, slope, eastness and northness (aspects), and broad scale TPI 
(R2adj = 0.24) (Table 1). It is worth noting that temperature, depth and oxygen had the same p and R2adj - values for this 
matrix. For the species replacement matrix the significant variables with the highest R2adj (0.24) were depth, water mass, 
broad scale TPI and northness (Table 1). The species richness difference component was explained purely by water 
mass in the presence/absence data (R2adj = 0.14). Water mass also affected the species abundance difference, along with 
substrate (R2adj = 0.27) (Table 1.). At both scales the explanatory variables were similar and measures of curvature and 
surface roughness were not found to influence the different components of beta diversity.
Discussion
This study applied recently developed beta diversity landscape metrics to a seamount benthos across a bathymetric 
gradient. The analysis identified sites with ecologically unique communities (LCBD), and species which showed high 
variance across the seamount (SCBD), thus contributing to high beta diversity. The decomposition of beta diversity, 
quantified, for the first time in seamount benthos, the respective proportions of species replacement and species rich-
ness difference. Furthermore, this decomposition allowed us to assess the effects of in situ depth related parameters 
obtained by the CTD on the ROV, and relatively fine scale terrain variables, on each beta diversity mechanism.
Total beta diversity at Annan Seamount was high in this study (0.92 out of 1), showing that community level 
turnover along the depth transect was frequent. In comparison, the macrobenthos in the coastal areas of the Red 
Sea exhibits an index of 0.4345, while the macrofauna and meiofauna in hydrothermal vents only exhibit ~0.3646 
of the maximum total beta diversity of 1. The significant LCBD samples above ~600 m depth, had highly domi-
nant species present, which also had large SCBD values, such as Cidaris cidaris (Fig. 5). While this urchin occurs 
on dead coral substrates in addition to sediments, C. cidaris was found to form large aggregations in soft sedi-
ments, which were flagged as significant LCBD sites (Fig. 2). Histological studies on their gonads revealed that 
the urchins were mature and aggregating to spawn47. Previous observations of C. cidaris aggregations suggested 
that these are for both reproductive and feeding purposes and form irrespective of the presence of predators48. 
This detailed information available on one species highlights that temporal biological interactions are likely to be 
important in driving local beta diversity by producing ecologically unique communities.
The majority of the species contributing towards beta diversity on Annan Seamount had patchy distributions, 
often characterised by high abundance over a limited depth range resulting in high variance (Fig. 5). Conversely, 
a previous study in Taney Seamount attributed faunal turnover to the rarer species, which were suspected to have 
a narrower depth range while abundant fauna would be expected to have a wider depth range26. The contrasting 
results might arise from different methodological approaches as McClain and Lundsten26 applied a log- transfor-
mation for data normalisation, giving more importance to rare taxa. Differences could also arise from seamounts 
being variable in terms of their morphology and summit height, which in turn affects productivity, potentially 
leading to ecologically distinct beta diversity patterns26,49. However, results from streams and lakes support our 
findings, by showing that abundant species occupying an intermediate number of sites contribute most to beta 
diversity50,51. The abundant fauna in the present study were often confined to an optimal environmental niche, 
where they thrived, dominating their respective communities causing visual zonation patterns. A compressed 
depth range for megafauna has been previously linked to intrinsic mechanisms, such as competition for smaller 
prey, opportunistic species outcompeting others, or the local availability of food parcels52,53.
Figure 3. The Local Contribution to Beta Diversity Index of the 100 m length samples per substrate and water 
mass type. The black circles illustrate the significant samples at p < 0.05, n = 160.
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Partitioning of beta diversity on Annan Seamount shows that it is dominated by species replacement (68%), 
with differences in species richness only accounting for 32% of the total beta diversity (0.92). A dominating 
replacement component along a depth-gradient has also been found in asteroids and holothurians in the 
Porcupine Seabight and Porcupine Abyssal Plain54. The majority of the explanatory variables used in this study 
were correlated with changes in the different beta diversity components. Dissimilarity between samples was influ-
enced by the oceanographic variables, depth, temperature and oxygen, the factorial variables of water mass and 
Figure 4. Examples of the communities of the significant Local Contribution to Beta Diversity samples with 
their corresponding habitats. The species names are per sample grouping from left to right and then from top 
to bottom. Samples 1,2,3,4 - Peniagone or Amperima sp., Pink echinothurioid, Comatulidae, Ophiomusium 
sp., Benthodytes sp. and Aspidodiadema sp.; samples 28, 32 - Ellipinion sp., Funniculina sp., Isididae whip; 
samples 62,65 - Corallium sp. and Clavularia sp., Parantipathes sp., Brisingidae, Acanella sp.; sample 111 - 
Stylasterid, Bathypathes sp. and Chrysogorgid.; sample 119 - white echinohurioid, Leiopathes sp., Liponema 
sp., Phormosoma sp.; samples 124–128,134 - brown cerianthid anemone, Cidaris cidaris, purple cerianthid 
anemone, Hormathiidae on Solenosmilia variabilis; sample 159 - Plinthaster sp. and Urchin white sp.2.
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Figure 5. The contribution of the top 20 individual species to beta diversity and the maximum number of 
individuals per 100 m sample and corresponding depth.
Figure 6. The Jaccard based dissimilarity using presence – absence data between each consecutive 100 m length 
sample showing the relative proportion of species replacement vs. species richness difference contribution 
towards total beta diversity across the depth range. SACW = South-Atlantic Central Water, AAIW = Antarctic 
Intermediate Water, NADW = North-Atlantic Deep Water. The interfaces are defined from raw ROV CTD data 
(Supplementary Table S2).
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substrate, in addition to terrain properties such as slope, aspect and TPI. Here we are able to pinpoint that depth 
and correlated variables have an impact on beta diversity specifically through the species replacement compo-
nent, likely by creating physiological niches across the seamount. It must be noted, however, that our data set does 
not contain any replicate transects and different patterns could be present in other locations on the seamount.
Water depth, which is also a proxy for other parameters, influencing community structure is a well-documented 
phenomena in seamount benthos26,30. It is thought to represent energy availability in the form of temperature and 
POC flux to the deep-sea29. Previous studies on bivalves across depth transects show that replacement is more 
dominant in productive regions. In lower productivity areas, nestedness, which is a type of species richness dif-
ference leading to ordered species loss, prevails55. Therefore, high species replacement in Annan Seamount could 
arise from its proximity to a relatively productive region off the west-African coast56. Water masses also influence 
the species replacement component, perhaps by acting as barriers causing genetic divergence resulting in closely 
related species sorting into depth bands, as seen in octocorals57.
The species replacement component was also affected by bathymetric properties, such as TPI and the north-
ness of the seabed. These are both variables that have a more localised effect on the hydrodynamical flow. The 
aspect of the seabed influences the direction of the hydrodynamical flow and as such changes in this variable 
could be reflected in the presence or absence of sessile suspension feeders. The direction of the flow could be par-
ticularly relevant for large communities of habitat-forming species, such as cold-water corals, which are known 
to prefer to grow perpendicular to the water flow in order to optimize food capture58. There are no in situ hydro-
dynamical flow data available, but the main orientation of the ROV dives was south-easterly. As such, northness 
being associated with the species replacement component, suggests that the analysis has successfully captured 
communities with differential flow preferences.
The other variable affecting species replacement was TPI, which provides information on whether an area 
is elevated or has low to no relief in comparison to the surrounding seabed morphology. As such, it also affects 
which species are present by providing elevation and thus access to currents, or alternatively, seabed depression 
to those species that require it. Furthermore, the community composition of species replacement, as assessed by 
species abundance data, was also influenced by slope. This means that slope affects the relative abundances of the 
species present and as such, the community dynamics. Such differences were also observed from the imagery 
data, as certain species, such as Isididae whip corals and flytrap anemones, were more abundant on vertical walls 
and ledges while others, such as Corallium sp., Enallopsammia sp. and Paramuricea sp. preferred more gently 
sloping sites. Similarly, previous research on Taney Seamount Chain found that species are likely to favor horizon-
tal or vertical surfaces as both extremes had higher faunal density than intermediate slopes26.
Perhaps surprisingly, none of the individual oceanographic variables linked with the richness difference 
component of beta diversity, but those variables combined, feed into the factorial water mass parameter. Water 
masses are a global scale variable with fluctuations in their characteristics over geological time scales. As such, the 
water mass variable is likely to affect larval transport to the seamount by acting as a connective pathway between 
deep-sea habitats59 as the dispersal range of deep-sea fauna is relatively large60. Additionally, water mass interfaces 
have also been proposed to enhance species richness by allowing the co-existence of warmer and colder-origin 
species27. The impact of water masses on the species richness difference component of beta diversity could also 
R2adj Water mass Substrate Slope Eastness Northness
Broad-scale 
TPI
a) Presence-absence
Jaccard100m
0.22 Depth p = 0.001 p = 0.001 p = 0.002 p = 0.001 p = 0.004 p = 0.015 p = 0.001
0.22 Temperature p = 0.001 p = 0.001 p = 0.001 p = 0.003 p = 0.012 p = 0.003 p = 0.001
0.22 Oxygen p = 0.001 p = 0.001 p = 0.001 p = 0.008 p = 0.008 p = 0.011 p = 0.001
Repl100m
0.24 Depth p = 0.001 p = 0.001 not sig. not sig. not sig. p = 0.007 p = 0.001
0.22 Temperature p = 0.001 p = 0.001 p = 0.003 p = 0.003 p = 0.003 p = 0.010 p = 0.003
0.24 Oxygen p = 0.001 p = 0.001 p = 0.007 p = 0.001 p = 0.001 p = 0.001 p = 0.001
Rich. diff.100m 0.14 not sig. p = 0.001 not sig. not sig. not sig. not sig. not sig.
b) Species abundance
Jaccard100m
0.20 Depth p = 0.001 p = 0.001 p = 0.001 p = 0.001 p = 0.001 p = 0.018 p = 0.010
0.20 Temperature p = 0.001 p = 0.001 p = 0.001 p = 0.001 p = 0.001 p = 0.014 p = 0.001
0.20 Oxygen p = 0.001 p = 0.001 p = 0.002 p = 0.001 p = 0.002 p = 0.018 p = 0.001
Repl100m
0.19 Depth p = 0.001 p = 0.001 p = 0.002 p = 0.001 p = 0.001 p = 0.001 p = 0.001
0.19 Temperature p = 0.001 p = 0.001 p = 0.011 p = 0.002 p = 0.003 p = 0.010 p = 0.010
0.19 Oxygen p = 0.001 p = 0.001 p = 0.008 p = 0.001 p = 0.001 p = 0.001 p = 0.001
Abun. diff.100m 0.27 not sig. p = 0.001 0.042 not sig. not sig. not sig. not sig.
Table 1. Results from the Distance-based redundancy analysis (dbRDA) with a forward selection, showing the 
significant environmental variables (p < 0.05) affecting the Jaccard dissimilarity, species replacement, species 
richness/abundance difference using (a) presence –absence and (b) species abundance data of 100 m length 
samples (n = 160).
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be linked to seamount fauna often reflecting the regional species pool6,24,61,62 with strong similarities with nearby 
banks63 and continental slopes16. The benthos of Annan Seamount is likely to be affected by all these mechanisms, 
as it lies between a cooler Canary Current and a warmer North-Equatorial Current system, and expands across 
three water-masses. Therefore, it is likely that other large scale variables, such as currents, along with evolutionary 
variables, affect the species richness difference component in marine systems.
Additionally, the use of species abundance data revealed that water masses along with substrate affect differ-
ences in abundances. As is the case with most seamounts, the substrates encountered were highly heterogeneous, 
encompassing hard firm volcanic rock, boulder fields, dead coral debris and mixed sediment types. It must be 
noted, however, that certain substrate types were markedly more common than others and, as such, there is a 
strong bias towards higher beta diversity indices in certain substrates due to under sampling of others (Fig. 2). 
Despite this, the effect of substrate on the species composition shows that while many of the species in the study 
occur over a multitude of substrate types, they are significantly more abundant in their preferred substrate type. 
For example, cold-water corals will grow over dead coral skeletons, rocks, boulders, pavements and outcrops as 
these all provide a firm attachment point and a degree of elevation into the currents. However, in this study, sub-
stantial multispecies coral gardens were seen where there were extensive volcanic plateaus available.
The effect of the substrate on replacement was also obvious at the summit, where zonation took place with 
ophiuroids dominating large encrusted hard surfaces, cerianthids the soft sediments, and an unknown species of 
white urchin occurring on top of the large boulders. Conversely, at depth, the soft-sediment communities were 
diverse and sparse, with a more gradual zonation of different species of holothurians, ophiuroids and xenophy-
ophores, perhaps caused by small-scale sediment characteristics.
Overall, our results show that high habitat heterogeneity combined with the biological (or physiological?) 
effects of depth increases local biodiversity by providing neighboring areas with different ecological niches. This 
environmental complexity increases beta diversity and thus local biodiversity by affecting the species composition 
mostly through the replacement component and to a lesser degree by increasing or decreasing the number of 
species co-existing. While most of the measured variables showed a highly significant relationship with the beta 
diversity components, the explained variance remained relatively low throughout the study. This low variance 
intuitively suggests that these variables only represent a fraction of the environmental drivers behind changes in 
beta diversity and that noise was introduced to the data by studying a wide range of taxa. The low explanatory 
power of beta diversity models, however, is common across biomes and is thought to arise from the large influ-
ence randomness has on evolutionary and ecological processes64. Furthermore, the lack of coherent information 
on the basic biology and ecology of the deep-sea benthos65 makes understanding deep-sea beta diversity patterns 
challenging across local, regional and global scales. The large knowledge gap also results in difficulties predicting 
the consequences of anthropogenic activities and predicting recovery timelines12.
The landscape metrics applied in this study, however, provide a useful tool for understanding ecological pat-
terns in the deep-sea. For example, species contributions to beta diversity are expected to change in response 
to anthropogenic disturbances51. As such, these indices could provide useful when monitoring and mitigating 
impacts from habitat fragmentation such as those potentially linked to deep-sea mining. In particular, this study 
suggests that in order to maintain high beta diversity on seamounts, species replacement and richness difference, 
should be considered as separate entities, as they appear to be affected, respectively, by local and global environ-
mental parameters. Future work should concentrate on testing whether these patterns hold across wider deep-sea 
environments, comparing total beta diversity on different seamounts and testing beta diversity patterns of indi-
vidual taxocenes. The results also indicate the necessity to incorporate quantitative descriptors of the seabed 
terrain along with large scale-variables, such as POC flux and ocean currents, to future beta diversity analyses.
Conclusion
This study describes for the first time the biological communities of Annan Seamount. The seamount was char-
acterized by diverse and abundant benthic megafauna, which were used to analyse beta diversity patterns using 
novel landscape metrics, never before applied to the seamount benthos. Ecologically important sites and commu-
nities were distinguished along with highly variant species, which contributed towards beta diversity. Changes in 
beta diversity are mostly dominated by species replacement with a smaller contribution from changes in species 
richness difference. Most importantly, this study confirms statistically, for the first time, how changes across an 
oceanographic gradient and local–scale terrain variables affecting flow regimes, impact beta diversity through 
species replacement on seamounts. Interestingly, the results demonstrate that beta diversity caused by changes 
in species richness can be linked with large-scale circulation patterns, which along with substrate, also causes 
changes in species abundance.
References
 1. Staudigel, H., Koppers, A. A. P., Lavelle, J. W., Pitcher, T. J. & Shank, T. M. Defining the Word ‘Seamount’. Oceanography 23, 20–21 
(2010).
 2. Yesson, C., Clark, M. R., Taylor, M. L. & Rogers, A. D. The global distribution of seamounts based on 30 arc seconds bathymetry 
data. Deep Sea Res. Part I Oceanogr. Res. Pap. 58, 442–453 (2011).
 3. Wessel, P., Sandwell, D. & Kim, S.-S. The Global Seamount Census. Oceanography 23, 24–33 (2010).
 4. Kvile, K. O., Taranto, G. H., Pitcher, T. J. & Morato, T. A global assessment of seamount ecosystems knowledge using an ecosystem 
evaluation framework. Biol. Conserv. 173, 108–120 (2014).
 5. Costello, M. Distinguishing marine habitat classification concepts for ecological data management. Mar. Ecol. Prog. Ser. 397, 
253–268 (2009).
 6. Samadi, S., Bottan, L., Macpherson, E., De Forges, B. R. & Boisselier, M.-C. Seamount endemism questioned by the geographic 
distribution and population genetic structure of marine invertebrates. Mar. Biol. 149, 1463–1475 (2006).
 7. O’Driscoll, R. L. & Clark, M. R. Quantifying the relative intensity of fishing on New Zealand seamounts. New Zeal. J. Mar. Freshw. 
Res. 39, 839–850 (2005).
www.nature.com/scientificreports/
1 0Scientific RepoRTS | (2018) 8:4152 | DOI:10.1038/s41598-018-22296-8
 8. Clark, M. R. et al. Large-scale distant-water trawl fisheries on seamounts. Seamounts Ecol. Fish. Conserv. Blackwell Fish. Aquat. 
Resour. Ser. 12, 361–399 (2007).
 9. Hein, J. R., Conrad, T. A. & Staudigel, H. Seamount Mineral Deposits. Oceanography 23, 184–189 (2009).
 10. Clark, M. R. & Bowden, D. A. Seamount biodiversity: high variability both within and between seamounts in the Ross Sea region of 
Antarctica. Hydrobiologia 761, 161–180 (2015).
 11. Levin, L. A. et al. Defining “serious harm” to the marine environment in the context of deep-seabed mining. Mar. Policy 74, 245–259 
(2016).
 12. Williams, A. et al. Seamount megabenthic assemblages fail to recover from trawling impacts. Mar. Ecol. 31, 183–199 (2010).
 13. Watling, L. & Auster, P. J. Seamounts on the High Seas Should Be Managed as Vulnerable Marine Ecosystems. Front. Mar. Sci. 4, 14 
(2017).
 14. Rowden, A. A., Clark, M. R. & Wright, I. C. Physical characterisation and a biologically focused classification of ‘seamounts’ in the 
New Zealand region. New Zeal. J. Mar. Freshw. Res. 39, 1039–1059 (2005).
 15. Clark, M. R. et al. The Ecology of Seamounts: Structure, Function, and Human Impacts. Ann. Rev. Mar. Sci. 2, 253–278 (2010).
 16. O’Hara, T. D. Seamounts: Centres of endemism or species richness for ophiuroids? Glob. Ecol. Biogeogr. 16, 720–732 (2007).
 17. Wishner, K., Levin, L., Gowing, M. & Mullineaux, L. Involvement of the oxygen minimum in benthic zonation on a deep seamount. 
Nature 346, 57–59 (1990).
 18. Tittensor, D. P. et al. Predicting global habitat suitability for stony corals on seamounts. J. Biogeogr. 36, 1111–1128 (2009).
 19. Turnewitsch, R. et al. Tidal influence on particulate organic carbon export fluxes around a tall seamount. Prog. Oceanogr. 149, 
189–213 (2016).
 20. Genin, A., Dayton, P. K., Lonsdale, P. F. & Spiess, F. N. Corals on seamount peaks provide evidence of current\nacceleration over 
deep-sea topography. Nature 322, 59–61 (1986).
 21. Levin, L. A. & Thomas, C. L. The influence of hydrodynamic regime on infaunal assemblages inhabiting carbonate sediments on 
central Pacific seamounts. Deep Sea Res. Part A, Oceanogr. Res. Pap. 36, 1897–1915 (1989).
 22. Henry, L. A. & Roberts, J. M. Biodiversity and ecological composition of macrobenthos on cold-water coral mounds and adjacent 
off-mound habitat in the bathyal Porcupine Seabight, NEAtlantic. Deep. Res. Part I Oceanogr. Res. Pap. 54, 654–672 (2007).
 23. O’Hara, T. D., Rowden, A. A. & Williams, A. Cold-water coral habitats on seamounts: Do they have a specialist fauna? Divers. 
Distrib. 14, 925–934 (2008).
 24. McClain, C. R., Lundsten, L., Ream, M., Barry, J. & DeVogelaere, A. Endemicity, biogeography, composition, and community 
structure on a Northeast Pacific seamount. PLoS One 4, 1–8 (2009).
 25. Lundsten, L. et al. Benthic invertebrate communities on three seamounts off southern and central California, USA. Mar. Ecol. Prog. 
Ser. 374, 23–32 (2009).
 26. McClain, C. R. & Lundsten, L. Assemblage structure is related to slope and depth on a deep offshore Pacific seamount chain. Mar. 
Ecol. 36, n/a–n/a (2014).
 27. Henry, L.-A. et al. Environmental variability and biodiversity of megabenthos on the Hebrides Terrace Seamount (Northeast 
Atlantic). Sci. Rep. 4, 5589 (2014).
 28. Rex, M. A. & Etter, J. R. Deep-sea biodiversity: pattern and scale. (Harvard University Press, 2010).
 29. McClain, C. R. & Rex, M. A. Toward a Conceptual Understanding of β-Diversity in the Deep-Sea Benthos. Annu. Rev. Ecol. Syst. 12, 
331–353 (2015).
 30. McClain, C. R., Lundsten, L., Barry, J. & DeVogelaere, A. Assemblage structure, but not diversity or density, change with depth on a 
northeast Pacific seamount. Mar. Ecol. 31, 14–25 (2010).
 31. Schlacher, T. A. et al. Seamount benthos in a cobalt-rich crust region of the central Pacific: Conservation challenges for future seabed 
mining. Divers. Distrib. 20, 491–502 (2014).
 32. Lennon, J. J., Koleff, P., Greenwood, J. J. D. & Gaston, K. J. The geographical structure of British bird distributions: Diversity, spatial 
turnover and scale. J. Anim. Ecol. 70, 966–979 (2001).
 33. Legendre, P. & De Cáceres, M. Beta diversity as the variance of community data: Dissimilarity coefficients and partitioning. Ecol. 
Lett. 16, 951–963 (2013).
 34. Jones, E. J. W., Boudagher-Fadel, M. K. & Thirlwall, M. F. An investigation of seamount phosphorites in the eastern 
EquatorialAtlantic. Mar. Geol. 183, 143–162 (2002).
 35. Kumar, N. & Embley, R. W. Evolution and origin of Ceara Rise: An aseismic rise in the western equatorial Atlantic. Bull. Geol. Soc. 
Am. 88, 683 (1977).
 36. Sarafanov, A., Sokov, A. & Demidov, A. Water mass characteristics in the equatorial North Atlantic: A section nominally along 6.5 ° N, 
July 2000. 112, 1–11 (2007).
 37. Gyory, J., Mariano, A. J. & Ryan, E. H. The Canary Current, Ocean Surface Currents. The Canary Current. Ocean Surface Currents. 
Available at: http://oceancurrents.rsmas.miami.edu/atlantic/canary.html. (Accessed: 10th March 2017).
 38. Bischof, B., Rowe, E., Mariano, A. J. & Ryan, E. H. The North Equatorial Current, Ocean Surface Currents. ‘The North Equatorial 
Current.’ Ocean Surface Currents (2004).
 39. Robinson, L. F. RRS James Cook Cruise JC094. 53, 1689–1699 (2013).
 40. Emery, W. J. Water Types and Water Masses. Ocean Circ. 1556–1567. https://doi.org/10.1016/B978-012374473-9.00108-9 (2003).
 41. Wilson, M. F. J. et al. Multiscale Terrain Analysis of Multibeam Bathymetry Data for Habitat Mapping on the Continental Slope 
Multiscale Terrain Analysis of Multibeam Bathymetry Data for Habitat Mapping on the Continental Slope. 419 (2007).
 42. Jenness, J. DEM surface tools (2012).
 43. Jenness, J. Land facet corridor designer (2012).
 44. Legendre, P. Interpreting the replacement and richness difference components of beta diversity. Glob. Ecol. Biogeogr. 23, 1324–1334 
(2014).
 45. Alsaffar, Z., Cúrdia, J., Borja, A., Irigoien, X. & Carvalho, S. Consistent variability in beta-diversity patterns contrasts with changes 
in alpha-diversity along an onshore to offshore environmental gradient: the case of Red Sea soft-bottom macrobenthos. Mar. 
Biodivers. 1–16, https://doi.org/10.1007/s12526-017-0791-3 (2017).
 46. Sarrazin, J. et al. Biodiversity patterns, environmental drivers and indicator species on a high-temperature hydrothermal edifice, 
Mid-Atlantic Ridge. Deep. Res. Part II Top. Stud. Oceanogr. 121, 177–192 (2015).
 47. Wadge, M. Abundance, distribution and reproduction of Cidaris cidaris from transatlantic seamounts. (University of Southampton, 
2015).
 48. Stevenson, A., Mitchell, F. J. G. & Davies, J. S. Predation has no competition: Factors influencing space and resource use by echinoids 
in deep-sea coral habitats, as evidenced by continuous video transects. Mar. Ecol. 36, 1454–1467 (2015).
 49. Rowden, A. A., Dower, J. F., Schlacher, T. A., Consalvey, M. & Clark, M. R. Paradigms in seamount ecology: Fact, fiction and future. 
Mar. Ecol. 31, 226–241 (2010).
 50. Vilmi, A., Karjalainen, S. M. & Heino, J. Ecological uniqueness of stream and lake diatom communities shows different 
macroecological patterns. Divers. Distrib. 23, 1042–1053 (2017).
 51. Heino, J. & Grönroos, M. Exploring species and site contributions to beta diversity in stream insect assemblages. Oecologia 183, 
151–160 (2017).
 52. Rex, M. A. Zonation in deep-sea gastropods: The importance of biological interactions to rates of zonation. Biol. benthic Org. 
521–530 (1977).
www.nature.com/scientificreports/
1 1Scientific RepoRTS | (2018) 8:4152 | DOI:10.1038/s41598-018-22296-8
 53. Rex, M. A. Community structure in the deep-sea benthos. Annu. Rev. Ecol. Evol. Syst (1981).
 54. Wagstaff, M. et al. β-diversity of deep-sea holothurians and asteroids along a bathymetric gradient (NE Atlantic). Mar. Ecol. Prog. 
Ser. 508, 177–185 (2014).
 55. Brault, S. et al. Contrasting patterns of α- and β-diversity in deep-sea bivalves of the eastern and western NorthAtlantic. Deep Sea 
Res. Part II Top. Stud. Oceanogr. 92, 157–164 (2013).
 56. Wang, X., Murtugudde, R., Hackert, E. & Marañón, E. Phytoplankton carbon and chlorophyll distributions in the equatorial Paci fi 
c andAtlantic: A basin-scale comparative study. J. Mar. Syst. 109–110, 138–148 (2013).
 57. Quattrini, A. M., Gómez, C. E. & Cordes, E. E. Environmental filtering and neutral processes shape octocoral community assembly 
in the deep sea. Oecologia 183, 221–236 (2017).
 58. Roberts, J. M., Wheeler, A., Freiwald, A. & Cairns, S. Cold-Water Corals The Biology and Geology of Deep-Sea Coral Habitats. https://
doi.org/10.1017/CBO9780511581588, (Cambridge University Press, 2009).
 59. Watling, L., Guinotte, J., Clark, M. R. & Smith, C. R. A proposed biogeography of the deep ocean floor. Prog. Oceanogr. 111, 91–112 
(2013).
 60. Baco, A. R. et al. A synthesis of genetic connectivity in deep-sea fauna and implications for marine reserve design. Mol. Ecol. 25, 
3276–3298 (2016).
 61. Ávila, S. P. & Malaquias, M. A. E. Biogeographical relationships of the molluscan fauna of the ormonde seamount (gorringe bank, 
northeast atlantic ocean). Nat. Hist. 145–150, https://doi.org/10.1093/mollus/69.2.145 (2003).
 62. Hall-Spencer, J. & Rogers, A. Deep-sea coral distribution on seamounts, oceanic islands, and continental slopes in the Northeast 
Atlantic. Bull. Mar. … 135–146 (2007).
 63. Howell, K. L., Mowles, S. L. & Foggo, A. Mounting evidence: Near-slope seamounts are faunally indistinct from an adjacent bank. 
Mar. Ecol. 31, 52–62 (2010).
 64. McClain, C. R., Stegen, J. C. & Hurlbert, A. H. Dispersal, environmental niches and oceanic-scale turnover in deep-sea bivalves. 
Proc. Biol. Sci. 279, 1993–2002 (2012).
 65. Taylor, M. L. & Roterman, C. N. Invertebrate population genetics across Earth’s largest habitat: The deep-sea floor. Mol. Ecol. 1–25, 
https://doi.org/10.1111/mec.14237o (2017).
 66. Amante, C. & Eakins, B. W. ETOPO1 1 arc-minute global relief model: procedures, data sources and analysis. https://doi.org/10.7289/
V5C8276M (US Department of Commerce, National Oceanic and Atmospheric Administration, National Environmental Satellite, 
Data, and Information Service, National Geophysical Data Center, Marine Geology and Geophysics Division Colorado, 2009).
Acknowledgements
The data collection for this work was funded by the ERC Starting Grant projects CACH (grant no. 278705).
The authors would like to thank the crew, technical staff and science party of the RSS James Cook 094 
TROPICS research expedition. We would also like to extend our gratitude to Andy Gooday, Andrey Gebruk, 
Christopher Mah, Jaime Davies, Tina Molodotsova, Chris Kelly,Tim O’Hara, Leigh Marsh, Estefania Rodriguez 
and Les Watling for their taxonomic expertise. The authors would also like to thank Dr. Craig R. McClain for 
reviewing the manuscript and providing valuable feedback. V.A.I.H was funded by the ERC Starting Grant 
project CODEMAP (grant no. 258482). M.L.T. was funded by the NERC DeepLinks project (NE/K013513/1). 
L.V is funded by the Southampton Partnership for Innovative Training of Future Investigators Researching the 
Environment (SPITFIRE, a NERC Doctoral Training Partnership – grant number NE/L002531/1).
Author Contributions
L.V. collected the data from ROV imagery, conducted the statistical analysis and wrote the manuscript. L.F.R. 
was the principal investigator on the RSS James Cook 094 voyage, and along with M.A.T. and V.A.I.H. acquired 
the data and supervise the PhD project of which this manuscript is a part of. K.R. contributed towards the spatial 
analysis. All authors reviewed the manuscript.
Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-22296-8.
Competing Interests: The authors declare no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.
Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2018
